Abstract
Introduction
The H.264/advanced video coding (AVC) as the current video coding standard has been developed by joint video team (JVT) [1] . It achieves much higher coding efficiency than other conventional vide coding standard by using various advanced techniques, such as spatial-domain intra prediction, improved motion estimation, rate-distortion (RD) optimization, deblocking filter and context adaptive entropy coding methods [2] . Meanwhile, these techniques also introduce significant computational overhead. One typical technique is the intra mode decision with the use of RD optimization. It remains a challenge to reduce its coding time while maintaining the coding performance. The intra coding supports three marcroblock partitions: 4×4, 8×8, 16×16. Each of them contains a certain number of prediction modes. The prediction mode with the minimal RD cost will be chosen for intra encoding. Though RD optimization scheme is very coding efficient, it is also the main reason of coding complexity in intra coding. To reduce the coding time, we can predict the best mode by the coding content information and select fewer candidate modes for intra coding. From Eq. 1, we can see that the best mode is not only of less distortion but also fewer coding bits. Since the context based entropy method is adapted when the coding bits are finally constructed, we should also consider the coding bits of other coded blocks [3] . As a consequence, it is complicated and difficult to predict the coding bits precisely and we pay our attention to distortion prediction in this paper.
Edge detection techniques have been proved to be an efficient fast mode decision method in a number of recent works. In [4] , Sobel operator is convolved with all the pixels of the block to form an edge direction histogram. Prediction modes with the maximum amplitude in the histogram are selected for intra coding. The authors in [5] propose to utilize another famous edge operator Roberts cross and reduce the number of pixels processed by the cross. These two algorithms don't involve the intra prediction scheme of H.264. A gravity approach is introduced in [6] where the direction of the block's gravity center indicates the candidate modes. The pixels of a block are considered as a set of material points and the intensities of these pixels which are regarded as pixel mass generate a unique location denoted as the gravity center of the block. Unlike filters used for seeking the minimal value, the authors in [7] design a set of filters which are perpendicular to the prediction directions and choose the mode of maximal value. It is only when the maximum corresponds to the fifth filter operation that all the possible modes should be calculated. These filters are applied only once to a pseudo 2×2 block.
Tsai et al. present an intensity gradient approach for intra prediction in [8] . Four filters are designed for the first four prediction directions along the prediction orientations while the other four are set to be the mean of their two neighbor modes. However, it is insufficient to fully extract the entire block information with only four pixels. The algorithm introduced in [9] processes slightly modified filters with all the 16 pixels. When processing all the pixels to a 4×4 block, the most probable modes are determined through a set of sort operations. In our previous work [10] we build the correspondence between modes and filters which is shown in Fig. 1 . A unique filter is applied to each directional mode to eliminate the correlation among neighbor modes. However, a computational expensive processing scheme which is the same as that in [9] is adopted. Recently proposed fast decision methods have demonstrated to reduce the block types as well as prediction modes. For instance, the algorithm in [11] utilized the variance-based classification of texture complexity to make the block type selection and combined the fast mode algorithm in [7] with MPM to make the fast mode decision. For the mode selection, the principle used in those algorithms is normally similar to the existing fast mode decision methods [12] [13] [14] .
In this work, an enhanced hybrid mode decision method is proposed by incorporating with other features. In the proposed algorithm, instead of sorting the filtering results, we simply summed them according to the prediction modes they represent. This scheme is efficient for mode selection. Motivated by Huang et al.'s method [11] , most probable mode (MPM) is combined with the proposed method. Extensive experiments show that the proposed algorithm outperforms its previous methods in terms of coding efficiency.
The rest of this paper is organized as follows. In Section 2, we give a brief review of H.264 intra coding and our previous hybrid method. The proposed algorithm is introduced in Section 3. Experimental results and discussions are presented in Section 4; we conclude the paper in Section 5. In H.264/AVC high profile, three block-size types are supported in luma samples. They are luma 4×4 (I4MB), luma 8×8 (I8MB), and luma 16×16 (I16MB). Generally speaking, smaller block sizes are fit for texture regions than larger block sizes. I4MB supports nine prediction modes as shown in Fig. 2 . Eight of them are with directions. Another mode which is so called DC mode is the average of the upper line and the left column. I8MB have the same number of prediction modes except that the coding block size is 8×8. Only four prediction modes are supported in I16MB. Besides DC mode, the other three directional modes are vertical, horizontal, and plane. The plane mode is a fitted average of the reference pixels according to the spatial position of each pixel. For the chroma intra prediction, only 8×8 block (C8MB) is supported and the prediction modes are the same as those of 16MB.
For an intra macroblock, the difference between the original block and the block predictor are transformed with the discrete cosine transform (DCT). The DCT uses an integer transform to reduce the computational load. Different block sizes support different transform sizes. Then it is quantized according to QP setting. After that the results together with other block information are entropy encoded for transmitting.
The hybrid method
As aforementioned, the edge filters used in the hybrid method are shown in Fig. 2 . Unlike those edge filters adopted in the conventional methods, each direction is corresponded to one edge filter. There are no dependencies among prediction modes which can make the mode selection more accurate. Moreover, the calculation order is changed as well. The absolute value of the subtraction along the direction is obtained first, and the mean of all the absolute values is the value for comparison. Then the filters are applied to the pixels distributed in the block. Each pixel in the block has the same number of directional prediction values generated in advance and the prediction residuals can be obtained by subtracting them with their original values.
The mode decision depends on a statistical scheme. Each pixel will conduct a serial of values corresponding to directional modes. Sort operation is adopted to obtain two minimal values and the modes they represent are counted. After processing all the pixels, the three most frequently appeared directional modes are selected for intra coding along with the DC mode. Other block-size types are performed in the similar way. In the hybrid method, 3 out of 8 directional modes are selected for I4MB and I8MB and only one directional mode is selected for I16MB. As for the case of chroma prediction, the same prediction mode is applied to the two 8×8 blocks. If the calculation result of each block is different, none of the directional mode is selected and only the DC mode is computed for intra coding. 
The proposed method
In general, a good fast mode decision method depends not only on the filters for edge detection but also on how to process the filtering results. Furthermore, local information can be exploited in mode selection. In this work, both are taken into consideration to improve the previous hybrid algorithm.
First, edge filters that fit the prediction modes should be designed. Since edge filters with small sizes can reveal the edge information more clearly, we should use the filter size as small as possible. For the block types with eight directional modes, the filter size is at least 3×3 if each filter is generated for each directional mode. The edge filters used in the hybrid method have been proved to be useful to select the candidate modes. These edge filters are also used in the proposed method and the way it performed has been improved and the most probable mode technique is also utilized in the proposed method.
Summing the filtering results
The edge filters are applied to pixels among the current coding block. For each pixel, the edge filters conduct eight values which depict those eight directional modes. In the hybrid method, these values are sorted first and the modes with the first three minimal values are counted. The sort operation is processed for every selected pixel which brings additional computation overhead. To further reduce the coding time, summing method is used instead of sort operation. Each pixel yields eight values by performing the edge filters. After applying the edge filters to all the selected pixels, the values are summed up according to the directional modes they represent. In other words, summing method is performed for the values generated by edge filters. The advantage of using summing method is that better performance can be achieved and the sort operations can be avoided during individual pixel processing. When there are noise-like pixels, sort operation takes them as normal pixels and their influence on mode decision cannot be revealed. On the other hand, their filtering results will play more important roles than those of other normal pixels by summing process. The modes with smaller summing values have more chance to be selected as the best mode than those larger ones.
Besides the edge features drew out from the coding content, the prediction residuals produced by the H.264/AVC reference software joint model (JM) can also be used for mode selection. Although prediction modes with directional features are considered to be equal, the prediction processes are not identical for all the directions in the H.264/AVC. For instance, both the upper and the left reconstructed reference pixels can be used in mode 4 whereas mode 3 only uses the upper reference pixels. The difference becomes more obvious when the upright block is unavailable, more than half the pixels in the coding block are predicted only by the last one of the upper reference pixels. Thus only using the original pixels to represent the prediction mode is not enough to fit the H.264/AVC. The prediction residuals should also be used. As each pixel yields eight prediction residuals which has the same number as edge filters. So during the summing procedure for every pixel, these residuals are summed together as well according to the directional modes. Then the summing results of filtering and prediction residuals are summed and the values they calculated represent those directional modes. These values are sorted and the smaller ones are selected. Three out of eight directional modes will be selected for intra coding in I4MB and I8MB while only one directional mode is selected for I16MB. Sort operations are only performed once in the proposed method which can further save the coding time.
Incorporated with Most Probable Mode
In the conventional edge detection based algorithms, DC mode was normally set to be the one always be computed in intra coding. In recent works, MPM was introduced to take advantage of the spatial correlation of the prediction modes between the neighboring blocks and the current block for coding. The best mode from the previously decoded upper and left neighboring blocks are compared and the smaller one is set to be the MPM. If either of these two neighbors is unavailable, a default DC mode is considered. After encoding the current block, if the best mode of current block is equal to the MPM, only 1 bit is coded when the context adaptive variable coding (CAVLC) is used or 1 bit is binarized when using the context adaptive binary arithmetic coding (CABAC). Otherwise, the predictor information is coded with 4 bits for CAVLC or 4 bits are binarized for CABAC.
By using the MPM, bit-rate can be further decreased compared to the hybrid method. Thus, in this study, for those block types with the MPM, we adopt the MPM in the same way as [11] . If the MPM has been selected already by edge filters, in other words, it is the same as any of the other three candidate modes, DC mode will be computed. Otherwise, we will incorporate the MPM other than the DC mode with the other three candidate modes for intra coding. As MPM is chosen to be the best mode more frequently than the DC mode, the MPM has a higher priority than the DC mode in the proposed method. For the block sizes which MPM is not defined, the prediction mode selection remains unchanged.
Experimental results
The proposed algorithm was implemented on JM 11.0 provided by JVT. The tested video sequences are encoded into 300 frames with an intra period of 1, i.e. all the frames are encoded as intra frames. RD optimization is enabled and the CABAC entropy coding is used. The QP set is {28, 32, 36, 40}. The performance evaluation is made with respect to the JM reference software based on the following performance measures: the PSNR changes PSNR  (in decibel), the total bit-rate increases BR  (in percentage), and the time saving TIME  (in percentage). The average PSNR value of luma (Y) and chroma (U, V) is used, which is based on the equations below:
where the average mean square error (MSE) is given by
The performance of changing the processing method
In this subsection, we demonstrate the efficiency of the summing method in comparison with the sort based method in [10] . The edge filters and other test conditions are the same. As shown in Table 1 , the summing method is more efficient than the sort based method with less PSNR drop and bits increase, as well as less computational time. Consequently, we incorporate the summing method into the proposed method to improve the coding performance. The results here are acquired with respect to the proposed method shown in Table 3 . 
MPM versus DC mode
In the proposed method, in addition to the three selected directional modes, MPM used in I4MB and I8MB is selected unless it is one of the three in which case DC mode will be selected. To evaluate the advantage of this scheme, we compare it with the scheme that takes DC mode directly as the selected mode. It is noted that both schemes have four modes to be tested and thus the computational cost is nearly the same. However the prediction efficiency is different. We add up the number of miss hit blocks with the best mode to be either MPM or DC mode. In other words, we count the number of blocks which are supposed to be coded with MPM or DC mode that, however, fails to be selected by the scheme. To this end, we have selected them both in the simulation. When the best mode is MPM whereas MPM is not one of the selected modes of the scheme, the block is counted as MPM miss hit. The procedure of DC mode is the same and the results are illustrated in Table 2 . From the results we can find that MPM used in the proposed method predicts more accurately when the best mode is MPM or DC. It also proves that MPM is more efficient for I4MB than I8MB because the former can benefit more from local information of neighbor blocks. Table 3 compares the proposed method with gravity method [6] and hybrid method [10] . It can be found that the proposed algorithm achieves a 75% total encoding time reduction with only a 0.041 PSNR decrease and a 0.65% bit rate increase on average. Table 4 shows the number of modes selected in these algorithms. From the table we can see that the time reduced by gravity method is primarily due to that only one directional mode is selected in I4MB. Although it further reduces the coding time, it inevitably degrades the coding gain as well. The proposed method outperforms the previous work [10] in all aspects which also demonstrates the efficiency of summing and MPM used in the proposed method. In general, the proposed method is more preferable for intra mode decision.
Compared with other methods
The performance of the proposed algorithm under different QPs is listed in Table 5 . With higher QP value, the degradation in PSNR is reduced and the bit rate is alternatively increased. The RD curves for "container" and "Paris" sequences are depicted in Fig. 3 . It can be observed that the proposed method is much closer to the JM standard than the gravity method.
Conclusion
In this paper, a new fast mode decision method is presented, in which the time consuming sort procedure is replaced by summing approach and the MPM is incorporated to utilize the local information. Extensive experiments show that the presented method can achieve better coding performance than existing algorithms. Table 3 . Performance comparison with the previous algorithms: gravity [6] and hybrid [10] . 
Sequence

Gravity
Hybrid Proposed
PSNR  BR  TIME  PSNR  BR  TIME  PSNR  BR  TIME  [ ] dB [%] [%] [ ] dB [%] [%] [ ] dB [%] [%]
